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This Bulletin presents a discussion of cooling 
tests made in the I=B=R Research Home over a 
three year period using a chilled-water, fan-coil 
system designed to operate independently of the 
heating system. Previous tests were made on a 
combination heating-cooling system using hot water 
_ for winter operations and chilled water for cooling.* 
This combined system performed well during the 
summer, but winter performance was not up to the 
standards of a baseboard system. The use of inde- 
pendent heating and cooling systems permitted both 
to be designed for optimum performance. 

Three control systems were used: 


1. The fans in the fan-coil units ran continu- 
ously, while the operation of the circulating 
pump and the chiller was controlled by a 
room thermostat. 

2. The circulating pump ran continuously, and 
the chiller was controlled by a thermostat 
responsive to the temperature of the water 
leaving the chiller. The room thermostat con- 
trolled the operation of the fans in the fan- 
coil units. 

3. By-pass dampers, controlled by the room 
thermostat, were installed in the fan-coil 
units. The continuously running fans circu- 
lated room air around the coils during off- 
periods. The circulating pump ran continu- 
ously, and the operation of the chiller was 
controlled by a thermostat responsive to the 
temperature of the water entering the chiller. 


The maximum observed cooling load for the 
house was 12,675 Btuh when the maximum out- 
door temperature was 100 F. This load occurred 
between the hours of 1:30 p.m. and 4:00 p.m., and 
was somewhat less than might be expected because 
the house was well insulated, glass areas were small 
as compared to those now used, and the house was 
shaded throughout most of the day by trees and 
nearby buildings. 

The normal air infiltration rate in the Research 
Home was less than one-quarter air change per 
_ hour. This was not sufficient to prevent the accumu- 
lation of smoking odors in the house. It was found 
possible, however, to keep the room air relatively 
free of tobacco odors with smoking rates as high 
as 30 cigarettes per day by introducing outdoor air 
through one of the fan-coil units at the rate of one- 

* “Results of Cooling Research in the I=B=R Research Home,” 


by W. S. Harris. University of Illinois Engineering Experiment Sta- 
tion, Mechanical Engineering Notes, Research Series I=B=R-1. 


ABSTRACT 


quarter air change per hour. At higher smoking 
rates, ventilation air in excess of one-half air 
change per hour (the maximum rate tested) would 
be required to keep tobacco odors down to a satis- 
factory level. 

The installed cost of the chilled-water, fan-coil 
system, including both materials and labor, was 
about $1,400. At 244¢ per kwh, the daily operating 
cost at design conditions when using control system 
2 was about 78¢ per day. Under the same condi- 
tions, the operating cost using control system 1 was 
about the same and using control system 3 it was 
about 16¢ per day higher. The higher operating 
cost when using control system 3 was caused by 
continuous operation of the circulating pump and 
the fans and by the additional chiller operating 
time required to remove the increased amount of 
moisture from the room air. 

In mild weather, the daily operating cost when 
using control system 3 was much higher than when 
using either of the other two control systems. At 
least a part of this cost was caused by an excessive 
cooling effect for mild weather resulting from air 
leakage through the cooling coils during the off- 
periods and to heat exchange between the by- 
passed air and the cooling coil return bends. These 
losses could be eliminated by improved design of 
the by-pass. This would lower operating cost and 
increase comfort during mild weather. 

During the summer of 1957, a 30-gallon insu- 
lated water storage tank was installed in the chilled 
water circuit. Using control system 3, there was an 
average of 186 chiller operational cycles per day 
when no storage tank was used. The addition of a 
30-gallon tank reduced the number .of cycles to 
about 61, without effecting room conditions. 

Cyclic fluctuations of the indoor air tempera- 
ture and the humidity were obtained with control 
system 1. The coil surfaces warmed up during each 
off-period, permitting re-evaporation of as much 
as 32 lbs of water per day. Thus, the net water 
removed from the air was small, and the humidity 
was too high for comfort. 

There was little re-evaporation of water when 
control systems 2 and 3 were used because the con- 
stantly circulating chilled water maintained coil 
surface temperatures below the dew point of the 
room air at all times. Both systems produced satis- 
factory temperature and humidity conditions in the 
room without cyclic variations. The lowest indoor 
humidity was obtained with control system 3. 
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I. INTRODUCTION 


1. Preliminary Statement 


This is the thirteenth Engineering Experiment 
Station publication reporting research conducted 
under a cooperative agreement, approved in 1940, 


_ between the Institute of Boiler and Radiator Man- 


ufacturers and the University of Illinois. Under 


terms of the agreement, the Institute is represented 


by a Research Committee which is composed of 


_ engineers active in the heating industry. One func- 


tion of this Committee is to set forth problems for 


investigation which are of greatest concern to 


manufacturers and installers of steam and water 
heating and air conditioning equipment. The Engi- 
neering Experiment Station staff selects those prob- 
lems which can best be studied with facilities 
available at the University. Funds for defraying a 
major part of the expense are provided by the 
Institute. 

Tests on chilled-water residential cooling sys- 
tems were initiated at the University to expand 
knowledge of performance data for this type of 
system. The first tests, using combination heating 
and cooling units in each room, were run during the 
summers of 1953 and 1954. The piping system, 
which earried hot water from the boiler to the units 
for winter operation, was also used to carry chilled 
water from the water-cooled water chiller to the 
same units during summer operation. The room 
units used during the first summer were of larger 
capacity than those used the second summer, but 
both were the same as far as principle of operation 
was concerned. 

Results of investigations prior to 1956 have been 
published by the University of Ilinois™* and in 
papers®:*# appearing in technical journals. 

This Bulletin describes tests made in the Re- 
search Home during the summers of 1955, 1956, 
and 1957. Equipment used for these tests was com- 
pletely separate from the heating system. Each 
story of the house had its own chilled-water fan- 
coil unit. The units were connected to an air-cooled 
water chiller by a piping system which was inde- 


* Exponent numerals refer to corresponding entries in References. 


pendent of that used for heating. Methods of con- 
trol were the only changes made during the three 
testing seasons. 
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3. Object of Investigation 


The long range objective was to determine the 
best way of providing summer comfort in homes 
having steam or hot water heating systems. Tests 
were designed to determine: 

a. Ways of increasing the ratio of latent to 
sensible cooling in an effort to lower the rela- 
tive humidity in the house. 

b. Causes of cyclic fluctuation in indoor rela- 
tive humidity. 

ce. Minimum amount of ventilation required to 
maintain the quality of house air at a satis- 
factory level. 

Operating characteristics and costs were of specific 
interest during the tests. In analyzing data it was 
found desirable to determine: 

a. Differences between the estimated and ob- 
served cooling load. 

b. A method of obtaining lower average cooling 
water temperature. 

c. A method of preventing short-cycling of the 
water chiller. 

d. System operating cost as a function of out- 
door temperature. 


Il. DESCRIPTION OF EQUIPMENT AND PROCEDURES 


4. I=B=R Research Home 


The I=B=R Research Home, shown in Fig. 1, 
is a two story building, typical of the small, well- 
built American home of 1940. The construction 
consists of brick veneer frame. All the outside walls 
plus the second-story ceiling are insulated with 
mineral wool batts 35% in. thick. A vapor barrier 
of asphalt-impregnated sheathing paper was placed 
between the studs and the plaster base to retard 
the passage of water vapor from the room into the 
insulation during the winter months. The exterior 
walls consist of: one course of face brick, an air 
space, building paper, shiplap sheathing on 2 by 4 


in. studs, insulation in the form of mineral wool 
batts 35% in. thick, vapor barrier, rock lath, and 
plaster with troweled finish. The calculated coeffi- 
cient of heat transmission, U, for the wall section 


was 0.074 Btuh per sq ft (F). The windows are — 


double-hung wood sash with the exception of the 
wood casement in the kitchen, and all windows and 
outside doors are weatherstripped. The floor plans 
are shown in Fig. 2. 

The Research Home is located on a typical city 
site, surrounded by trees and houses. The trees 
along the street to the east shaded the house most 
of the morning while the house and a tree to the 


Fig. 1. I=B=R Research Home 
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west provided a shade in the afternoon. The south 
wall was in full sun from 10:00 a.m. to 1:00 p.m., 
while the entire house was in full shade, more or 
less, the remainder of the time. 

Table 1 gives a summary of the estimated maxi- 
mum cooling loads. An outdoor temperature of 95 F 
and an indoor temperature of 75 F were selected as 
design conditions. Sensible heat gains through the 
walls and roof were estimated using the equiva- 
lent temperature differential method developed by 
Stewart as described in the “Cooling Load” 
chapter of the 1953 ASHAE Guide. Heat gains 
through the windows were estimated using the 
method recommended in the Guide. Infiltration 
loads were estimated by using the air change 
method and assuming the same number of. air 
changes for summer operation as recommended by 
the Guide for winter heat loss calculations. 

In estimating the design cooling load, no allow- 
ances were made for such internal loads as light 
and occupancy. During the tests the house was 
occupied by an average of four people during the 
day and one at night. Although there was normal 
use of lights, there was no cooking, washing of 
clothes, ironing or other such domestic processes 
performed during the testing season. 

Because no cooling was to be provided for the 
first-floor lavatory, vestibule, and bathroom, their 
loads were not included in the total for the building. 
The lavatory door was closed during all the tests, 
and therefore need not be considered in estimating 
the total cooling load. This was not the case for the 
other two rooms. Many designers would have esti- 
mated the cooling loads for the vestibule and bath- 
room and added these loads to those of the adjoin- 
ing rooms. Sensible heat gains of the vestibule and 
bathroom, though not included in Table 1, were 382 
and 1236 Btuh, respectively, by the equivalent 
temperature method of calculation, and 550 and 693 
Btuh using I=B=R Calculation Guide C-30. 
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Fig. 3. Schematic Diagram of Cooling System 
5. Cooling Equipment 


The cooling equipment was separate from the 
heating system. Two chilled-water fan-coil units 
were used, one serving each story of the home. Each 
coil was three rows deep and had a face area of 
one sq ft. The fans could be operated at three 
different speeds, the slowest being used in these 
tests. The nominal rating of each fan-coil unit 
at low fan speed was 10,000 Btuh with an entering 
water temperature of 45 F, water flow rate of 2.5 
gpm, and entering air at 75 F dry bulb and 63 F 


Table 1 


Estimated Cooling Loads, I==B==R Research Home 


I=B=R Cooling Load Cale. Guide C-30 


Equivalent Temp. Method 


Room Walls Ceiling Glass Infil Sens. Walls Ceiling Glass Infil. Sens. 
Btuh Btuh Btuh Btuh Total Btuh Btuh Btuh Btuh Total 

Btuh Btuh 

Kitchen 142 tae 675 328 1,145 203 1,634 105 1,942 
Dining 260 Lee 1,920 425 2,605 131 oitin 4,625 484 5,240 
Living 3299 ae 500 925 1,724 55 10 851 222 1,138 
N. E. Bedroom 145 200 729 281 1,355 176 135 784 112 1,207 
N. W. Bedroom 196 340 729 470 1,735 eek 158 766 112 1,036 
S. W. Bedroom 261 374 975 525 2,135 185 157 1,825 112 2,279 
Total Sens. Load 1,303 914 5,528 2,954 10,699 750 460 10,485 1,147 12,842 
Latent Load Allowance 3,565 4,281 
House Total 14,264 17,123 


Maximum Outdoor Dry-Bulb Temperature =95 F. 
Average Indoor Dry-Bulb Temperature =75 F, 
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wet bulb temperature. They were the smallest units 
of this type which were commercially available. A 
schematic representation of these units is given in 
Fig. 3. A simple, two-pipe system connected the 
fan-coil units to a 2 hp air-cooled water chiller 
in the garage. The chiller was rated at 18,400 Btuh 
with ambient air temperature of 100 F, leaving 
water temperature of 45 F and a water flow rate 
of 4.8 gpm. All pipes carrying chilled water were 
insulated with molded, foam plastic, vapor-proof 
insulation, 1% in. thick, to prevent sweating. 

It was possible to locate the fan-coil units so 
that sheet metal duct work was not required. The 
units were enclosed by either a drop ceiling effect 
or a fiberboard box, and these enclosures served as 
the air distributing system. Registers were located 
in the sides of the enclosure serving as high-sidewall 
supply and return grilles. All registers were located 
on inside walls near the ceiling as indicated in Fig. 
2. The first-story fan-coil unit used during the 
summers of 1955 through 1957 is shown in Fig. 4. 
The arrangement of the second-story unit was 
similar, except that, because of limited head room, 
it was located just above the attic floor rather than 
being suspended below the ceiling. 

Ventilation air was supplied to the first-story 
fan-coil unit through a duct located in a joist space 
above the ceiling of the kitchen. The duct extended 
from the unit through the south wall of the house. 
The flow rate of the ventilation air was obtained 
by a pitot tube and an inclined draft gage meas- 
uring the velocity pressure at the throat of a 
venturi section in the duct. Two small centrifugal 
fans were used to overcome the resistance of this 


$3 - ane 


Fig. 4. First Story Fan-Coil Unit 
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air-measuring section. A damper at the inlet end of 
the duct was used in conjunction with the fans to 
regulate the rate of ventilation air flow. 


6. Controls 


Summer of 1955: The fans in the fan-coil units 
were allowed to run continuously while the opera- 
tion of the circulating pump and the compressor 
was controlled by a room thermostat equipped with 
a heater coil to make the thermostat anticipate 
room air temperature changes. The thermostat was 
located on the inside wall of the living room, 30 in. 
above the floor, as indicated in Fig. 2. Neither the 
thermostat nor its location was changed in any of 
the tests reported in this bulletin. As the air 
temperature in the living room increased above the 
air temperature setting of the thermostat, both the 
circulating pump and the compressor were started, 
and both continued to operate until the air temper- 
ature in the living room. dropped below the 
temperature setting of the thermostat. The chiller 
was protected by a control which would stop the 
compressor motor when the water temperature in 
the chiller dropped below 38 F. 


Summer of 1956: Controls were re-arranged to 
prevent high fluctuating indoor relative humidity 
resulting from re-evaporation of water through the 
coils of the fan-coil units during chiller and circu- 
lator off-periods. The circulator operated continu- 
ously, and the chiller unit was controlled: by a, 
thermostat activated by the temperature of the 
water leaving the chiller. Thus, the coils were sup- 
plied with cold water at all times, With the aver- 
age temperature of the water in the coils always at 
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approximately 45 F, condensate could not re-evapo- 
rate from the cold surfaces during the off-period. 
The room thermostat controlled the operation of 
the fans in the fan-coil units. 

Thus the 1956 investigation used intermittent 
fan operation and continuous circulator operation. 
Although other investigations’? have shown that 
intermittent fan operation is not satisfactory as far 
as over-all comfort is concerned, this method was 
adopted as an expedient way of preventing re- 
evaporation from the coils and to see what effect 
this might have on the ratio of latent to sensible 
cooling. 

Summer of 1957: By-pass dampers were in- 
stalled in the fan-coil units as shown in Fig. 5. The 
living room thermostat controlled the damper 
operation. As the living room air temperature rose 
above the temperature setting of the thermostat, 
the dampers opened to position B, Fig. 5, so that 
all air circulated by the fans passed through the 
cooling coils. When air temperature in the living 
room dropped below the temperature setting of the 
thermostat, the dampers moved to position A, so 
that nearly all air being circulated was by-passed 
around the cold coil. The circulator and the fans 
operated continuously, and the chiller was con- 
trolled by a thermostat activated by the tempera- 
ture of the water entering the chiller. In an attempt 
to lower the average water temperature entering 
the fan-coil units and the relative humidity in the 
rooms, an insulated 30-gal storage tank was in- 
stalled in the water circulating system. Two tank 
locations were tried; one on the supply side of the 
chiller and the other on the return. Connections 
were such that the circulating water had to pass 
through the tank. 

In the following discussion, tests will be re- 
ferred to as “intermittent circulator operation” for 
1955, “continuous circulator operation” for 1956, 
and “intermittent damper operation” for 1957. A 
summary describing methods of operation for the 
three test seasons is given in Table 2. 


7. Instrumentation 


Approximately 100 copper-constantan thermo- 
couples, made of No. 22 B and § gage wire, were 
permanently installed in the walls and ceilings in 
order to measure temperatures at important points 
in the structure under various operating conditions. 
About 50 thermocouples were provided for the 
measurement of air temperatures at various levels 


Kitchen side 


Feturn air 


Z 
Fig. 5. Cross-Section of First Story Fan-Coil Unit 


in the center of each room, in the attic, and in the 
basement. A second group made it possible to study 
the performance of the component parts of the 
cooling system. Provision was made for measuring 
the temperature of the water entering and leaving 
the fan-coil unit and the temperature of the water 
entering and leaving the chiller. 

All thermocouples were connected to selector 
switches on a central switchboard in the basement. 
The voltage produced by each thermocouple could 
be read easily on a precision potentiometer used 
with a highly sensitive galvanometer. A 10-point 
recording potentiometer, used with an auxiliary 
switchboard, made it possible to obtain either in- 
stantaneous or continuous printed records of. the 
thermocouple readings in any selected group. 

Provisions were made for measuring the rate 
of flow of water through the fan-coil units during 
the testing period by installing mercury manom- 
eters connected to pressure taps in the water supply 
and return of each coil. Prior to the testing season, 
the relationship between the pressure loss through 
the coil and the rate of water flow was determined 
for each of these units so that the pressure loss 
could be used to measure flow rates during a test. 

The quantity of ventilation air supplied to the 
house during tests in Series G-57 and H-57 was 
determined by direct measurement of the velocity 
pressure at the throat of a venturi section in the 
duct through which the ventilation air was sup- 
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Table 2 
Methods of Operation 
Series Year Circulator Fan Int. Storage Fan-Coil Air D 
Cont. Int. Cont. Int. Damper Tank** Ist Story. ‘ nA Anes feed 
re aka a by per. cfm cfm 
a 2 None None 280 230 N 
B-55 1955 x x None None 155 230 None 
C-56 1956 x »:¢ None None 155 230 None 
D-57 1957 x xX x None 230* 230* None 
E-57 1957 x x xX ae irom 230* 230* None 
Fan Coi 
F-57 1957 x x x Supply to 230* 230* None 
: bs y Fan Coil 
G-57 1957 xX xX x RP, WO 230* 230* % AC/hrt 
Fan Coi 
H-57 1957 x x x Supply to 230* 230* Y AC/hr 
Fan Coil 


* The same amount of air was supplied to room when dampers were in position A or B (Fig. 5). 


** Storage Tank Size =30 gal. 


} Air change rate based on total volume of I[=B=R Research Home (not including basement) = 9393 cu ft. 


Volume of space not cooled: 


Lavatory 152 cu ft 
Vestibule 284 
Vestibule Closet 54 
Bath 374 

864 cu ft 


Total conditioned volume 8529 cu ft 


plied. A pitot tube with the static and impact pres- 
sure taps connected to opposite ends of an inclined 
manometer reading to-0.01 in. of water was used 
to measure the velocity pressure. 

Recording thermometers made continuous rec- 
ords of air temperature in each of the six rooms. 
The moisture content of the air was measured by 
means of four humidity indicators, one recording 
hygrometer, and one wet- and dry-bulb recorder. 
All were checked periodically with an aspirated 
psychrometer. The electrical inputs to circulator 
and compressor motors were measured by means 
of integrating watt-hour meters having scale divi- 
sions of 10 watt-hours. Self-starting electric clocks 
were wired into the compressor, circulator, and 
damper motor circuits in such a way as to indicate 
total time of operation. Both a vane anemometer 
and a hot wire anemometer were used to measure 
air flow through the room registers. 


8. Methods and Observations 


In all tests the thermostat was set to maintain 
an average indoor temperature of 75 F. Except for 
some special tests, each test was 24 hr in length. 
Four complete sets of readings were taken during 
each test. These readings included all room air 
temperatures at the 3-in., 30-in., and 60-in. levels 
above the floor, plus the 3-in. level below the 
ceiling, relative humidity in each room, operating 
time and power consumption of each component of 
the cooling system, and water removed from the air 
by each fan-coil unit during the test. The temper- 
atures of the water as it entered and left the chiller 
and each of the fan-coil units were recorded, along 


with water and air flow rates, during at least one 
cycle of operation for each of the test arrangements. 
In addition, instruments were used to continuously 
record such conditions as outdoor dry-bulb and 
wet-bulb temperature, indoor temperature and rela- 
tive humidity at the thermostat level, and water 
and air temperatures entering and leaving both the 
fan-coil units and the chiller. 


9. Ventilation Tests 


These tests were run to determine the amount of 
ventilation air necessary to provide a relatively 
odor-free environment. Outside air was introduced 
continuously to the return side of the first-story 
fan-coil unit by means of a ventilation duct. The 
tests were run at ventilation rates of 14 and % air 
changes per hour. The amount of odorant added 
to the air was controlled by the number of ciga- 
rettes smoked during the day. During the first two 
days of a test series, smoking was limited to 15 to 
20 cigarettes per day, while the last three days were 
periods of heavy smoking. This was followed by 
two days of no smoking to allow the house to air 
out. Days of light smoking were followed by days 
of heavy smoking, but the reverse was not done, 
in order to eliminate any possible residual effects. 
Each day the occupants of the house voted on the 
odor level as to whether it was “satisfactory” — 
slight to moderate odor, or “unsatisfactory” — 
strong odors. Records were kept of the odor-level 
votes which were made upon entering the house 
and of votes made after an occupancy of at least 15 
minutes. An average of five odor-level votes were 
made during the day by each occupant. 


Ill. WEATHER CONDITIONS AND COOLING LOADS 


10. Weather Conditions 


The American Society of Heating and Air Con- 
ditioning Engineers has published a Comfort 
Chart which shows the relationship between dry- 
bulb temperature, relative humidity, and the feel- 
ing of warmth. It is determined experimentally 
using a large number of subjects. More than 95% 
of the subjects reported maximum summer comfort 
at a condition represented by a dry-bulb tempera- 
ture of 75 F and a relative humidity of 60%. Ap- 
proximately 70% of the subjects reported comfort 
at a dry-bulb temperature of 80 F and a relative 
humidity of 50%, while 50% of the subjects re- 
ported comfort at a dry-bulb temperature of 80 F 
and a relative humidity of 60%. It would appear 
that a majority of persons would be comfortable 
during the summer if the dry-bulb temperature in 
the home does not exceed 80 F and the humidity 
is 60% or less. 

A plot of daily maximum and minimum temper- 
atures at Urbana, Illinois, for the years 1954 and 
1955, shows that as the maximum outdoor temper- 
ature increases the difference between the maximum 
and minimum temperature also increases. For ex- 
ample, when the maximum outdoor temperature is 
at 20 F, the minimum temperature will average 
about 3 F, and when the maximum temperature 
reaches 90 F, the minimum will be about 64 F. 
Even though the maximum outdoor temperature 
may be 100 F or more, the minimum temperature in 
Urbana seldom exceeded 75 F. 

A similar analysis shows this same trend for 
other midwestern cities. For days having a maxi- 
mum outdoor temperature of 100 F, the average 
minimum temperature for Austin, Texas, is about 
75 F, while for Minneapolis, Minnesota, it is about 
77 F, and in Bismarck, North Dakota, it is about 
70 F. This difference is much less in coastal areas. 
In New York City, the average minimum temper- 
ature is 82 F when the maximum is 100 F. These 
observations suggest that operating costs may be 
reduced by using night ventilation to secure part 
of the total cooling effect in certain areas. 
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Table 3 


Outdoor Temperatures, Urbana, Illinois 
U.S. Weather Bureau Records 


Average Number of Days per Year (1901-1954) Degree 
Max. Outdoor Temp. Min. Outdoor Temp. Days 
90 F and Above 32 F and Below 

1st Quarter 0 69 2952 
2nd Quarter 6 6 637 
3rd Quarter 20 0 92 
4th Quarter 0 38 2125 
Total 26 113 5806 

1955 
1st Quarter 0 67 2830 
2nd Quarter 1 11 323 
3rd Quarter 42 0 27 
4th Quarter 0 49 2221 
Total 43 Lv7, 5401 

1956 
Ist Quarter 0 78 2889 
2nd Quarter 12 vo 640 
3rd Quarter 11 0 86 
4th Quarter 0 40 1765 
Total 23 125 5380 

1957 
Ist Quarter 0 66 2890 
2nd Quarter 2 vA 560 
3rd Quarter 17 0 0 
4th Quarter 0 40 2025 
Total 19 113 5475 


Table 3 is a summary of outdoor temperatures 
recorded in Urbana. It shows the relative lengths 
of the summer cooling season as compared to the 
winter heating season. Similar data for several 
other cities are presented in Table 4. 

In the northern part of the United States there 
may be 10 to 380 days per year in which the 
maximum temperature is 90 F or above while there 
may be 200 to 250 days in which the maximum 
outdoor temperature is 65 F or less. These figures 
are almost reversed in certain areas of the South. 
The data reveal that because differences in the 
relative needs of heating and cooling exist in the 
various sections of the country, different solutions 
to the problem of providing year around comfort 
may be required. 

The weather conditions at Urbana during the 
summers of 1956 and 1957 were not favorable for 
air conditioning studies. Table 5 shows the number 
of days during the summer months from 1953 
through 1957 for which the maximum outdoor dry- 
bulb temperature was in the range indicated. For 
three years prior to 1956 there were 43 or more days 
per year with a maximum daily temperature of 
90 F or above as compared with 23 and 19 days 
for the 1956 and 1957 seasons, respectively. Only 
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Table 4 Table 5 
Weather Data for Four Cities Maximum Outdoor Temperatures, Urbana, Illinois 
City Average Number of Days per Year Year 1953 1954 1955 1956 1957 
with Maximum Temperature Maximum Outdoor Number of Days with Maximum Temperature 
90 F 100 F 65 F 30 F Temperature, F Within Range Indicated in Left Column 
and above and above and below and below 80 to 84 38 33 28 47 36 
Bismarck, North Dakota 28.2 5.6 2232 90.6 85 to 89 37 27 32 Sih 32 
Newark, New Jersey 10.2 0.4 207 .6 22.8 90 to 94 28 Si 37 20 19 
St. Paul, Minnesota ihe 10) 1.6 Dee? 87.6 95 and above 23 19 6 3 0 
San Antonio, Texas 107.0 5.0 67 .4 0.2 Total, 90 and above 51 56 43 23 19 
Total, 85 and above 88 83 75 60 51 


three days in 1956 reached design conditions of 
95 F, while there were no days of design condi- 
tions in 1957. Unfortunately, the conditions during 
1956 and 1957 were even less favorable for cooling 
tests than Table 5 indicates because the days with 
a high maximum temperature were separated by 
days of cool and sometimes wet weather. Therefore, 
the thermal inertia of the house played an impor- 
tant role in equipment operating time. 

A day with a maximum temperature above 90 F 
preceded by a cool, wet day would not require as 
much cooling for the 24 hr period as would a 
similar day preceded by a day which also had a 
maximum temperature above 90 F. This is due to 
the latent and sensible heat storage of the structure 
itself. In the same manner, a cool day preceded by 
a period of hot weather would require more cooling 
than the average outdoor temperature for that day 
would indicate. Every effort was made to select 
test days which not only had as near the same 
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Fig. 6. Comparison of Outdoor Air Conditions 


temperature as possible but which also were pre- 
ceded by days of similar temperature in order to 
reduce error in comparing tests. 

The outdoor humidity conditions were generally 
the same for the three testing seasons (see Fig. 6). 
As the outdoor temperature increased the humidity 
ratio increased in a like manner. The difference be- 
tween the curves in Fig. 6 is not significant. 


11. Comparison of Measured and Calculated 
Cooling Loads 


The cooling system used in the Research Home 
during the summers of 1953 and 1954 consisted of 
units located in each room of the house.) This 
system made it possible to make a direct measure- 
ment of sensible and latent cooling loads of each 
room. Table 6 gives a comparison of calculated 
and observed cooling loads for a day when the 
maximum outdoor temperature was 100 F. Calcu- 
lating the cooling loads by the procedure outlined 
in Chapter 13 of the 1955 ASHAE G'uide indicated 
that the maximum load should occur about 1:00 
p.m. CST. The maximum load did not occur until 
about 1:30 p.m. and continued until about 4:00 
p.m. The measured maximum sensible cooling load 
for the house was only 12,288 Btuh as compared 
to a calculated sensible load of 14,763 Btuh. 

It should be noted that the calculated heat 
gains for rooms having southern exposures were 
high when compared to the actual measured cool- 
ing load, while for the rooms having northern 
exposures the calculated loads were lower than 
those actually observed. When operating with all 
room doors open there was some transfer of load 
between rooms due to the air movement. The 
measured loads, listed in Table 6, were obtained 
after the water flow to each room unit had been 
adjusted to give the best possible balance of room- 
air temperatures. There was only 3 F difference 
between the warmest and the coolest rooms in the 
house, and rooms with southern exposures were the 
warmer. It is probable that any transfer of load 
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Table 6 


Comparison of Calculated and Observed Cooling Loads 


Maximum Outdoor Dry-Bulb Temperature = 100 F 
Average Indoor Dry-Bulb Temperature = "7 
Six Type A Room Units in Operation September 1, 1953 


Cale. Loads at 1:00 PM (Max. Total Load) Btuh Observed Max. Load, Btuh Cale. Sens. Observed 
Room Walls Ceiling Glass Infil. Total Sens. (1:30 to 4:00 PM, CST) Load Minus Room-Air 
Walls Total Sens. Latent Total Observed Temp. at 30” 
and Total Load, Level, deg F 
Ceiling Btuh Max. Min. 
Kitchen 241 1,735 131 241 2,107 1,718 0 1,718 389 77 74 
Dining Room 173 Rear 4,925 604 173 5,702 2,360 27 2,387 3,315 77 73 
Living Room 276 14 990 277 290 Oe 2,134 171 2,305 —748 76 74 
Total Ist Story 690 14 7,650 1,012 704 9,366 6,212 198 6,410 2,956 
N. E. Bedroom 245 159 908 140 404 1,452 1,741 74 1,815 — 363 75 72 
N. W. Bedroom 131 222 890 140 353 1,383 2,193 56 2,249 — 866 74 71 
5S. W. Bedroom 240 220 1,962 140 460 2,562 2,142 59 2,201 361 76 73 
Total 2nd Story 616 601 3,760 420 1,217 5,397 6,076 189 6,265 — 868 
House Total 1,306 615 11,410 1,432 1,921 14,763 12,288 387 12,675 2,088 


was from rooms on the south side to north side 
rooms. If it were not for this transfer of load, the 
difference between measured and calculated loads 
would be even greater than that indicated in 
Table 6. 

The differences between measured and calcu- 
lated heat gains were so large that they could not 
be attributed to errors in the estimation of wall 
and ceiling gains alone. The data indicated that 
most of the discrepancy between calculated and 
measured loads must be in the estimated heat gains 
through the glass areas. When estimating cooling 
loads it is common practice to make the assump- 
tion that radiant energy transmitted through glass 
is immediately available to heat the room air. 
Actually, this energy is not transformed to heat 
until it strikes some solid object. The object is first 
warmed, and then the room air is warmed by con- 


vection. Since appreciable time is required for these 
processes to take place, there is a finite time lag 
between the time the radiant energy is transmitted 
through the windows and the time it actually 
warms the room air. In addition, the convective 
heat transfer rate between the objects warmed by 
radiation and the air in the room is not necessarily 
as high as the rate at which solar radiation is re- 
ceived by objects in the room. Ignoring these facts 
would tend to make the maximum estimated in- 
stantaneous load occur earlier and be larger than 
the actual instantaneous load on the cooling equip- 
ment. Methods of estimating solar heat gains 
through glass areas which determine the instan- 
taneous transmittance of solar energy through glass 
do not necessarily reflect the rate at which the solar 
energy eventually warms the room air. Only the 
latter affects the load on cooling equipment. 


IV. EFFECTS OF CONTROL METHODS ON PERFORMANCE 


12. Indoor Temperatures 


Figure 7 is a graphic log of conditions existing 
for selected 24 hr periods in 1955, 1956, and 1957. 
All of these days approached the design outdoor 
_ temperature of 95 F and were similar in regard to 
' preceding weather conditions. Throughout all but 
the last 144 hr of the periods plotted, the outdoor 
temperature in the 1956 study was somewhat 
higher than that for 1955. The daily outdoor tem- 
perature for 1957 (Test D-57) was consistently 
lower than either of the other two tests. The drops 
in temperature at 3:00 p.m. and 6:00 p.m. in Test 
D-57 were due to thundershowers which lasted 
about an hour each. 

It is recognized that, because of the thunder- 
showers, the outdoor conditions during the test 
representing Series D-57 were not similar to those 
for the other two tests. There were a few days 
above 90 F in 1957, and this particular day was 
selected for comparison in Fig. 7 because it was 
the only one in Series D-57 for which outdoor con- 
ditions for both the test day and the preceding day 
approached those of the other two tests. The 
. thundershowers undoubtedly reduced the total 
cooling load to some extent, but evidence that their 
effect on other operating characteristics was negli- 
gible is presented in Fig. 15, where the same 
information is shown for Series E-57 and F-57. The 
curves in Fig. 14, representing indoor conditions 
and damper “open” time, are similar to those for 
Series D-57 in Fig 7. 

The average indoor temperature during the 1956 
season was 1.5 F higher than that of the 1955 tests. 
This was not due to lack of cooling capacity in 

1956, but rather to an inadvertent change made in 
the thermostat setting between testing seasons. On 
- the other hand, indoor temperatures for the 1957 
season were about 1.0 F lower than those of the 
1955 test season. The lower temperature in 1957 
was caused by two factors: (1) a change in thermo- 
stat setting and (2) when the room thermostat 
called for cooling, during 1957 tests, the dampers 
opened (position B, Fig. 5) and air was sent 
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Table 7 

Maximum and Minimum Room Air Temperatures 
Room Series Series Series 
D-57 C-56 B-55 
Living Room Max. Temp., F 76.0 76.0 75.5 
Min. Temp., F 72.5 74.0 74.0 
Dining Room Max. Temp., F 76.0 77.0 ee) 
Min, Temp., F 72.0 74.0 74.0 
Kitchen Max. Temp., F 76.0 Van) 76.5 
Min. Temp., F 72.5 74.0 74.0 
N. W. Bedroom Max. Temp., F 77.0 79.0 led 
Min. Temp., F 74.0 77.0 75.0 
N. E. Bedroom Max. Temp., F 76.0 78.0 77.0 
Min. Temp., F 74.0 76.0 75.0 
8. W. Bedroom Max. Temp., F 76.0 78.0 a7. 
Min. Temp., F 74.0 76.0 Vaid 0) 


through the cooling coils. When cooling was not 
required, the dampers by-passed most of the air 
around the coils (position A, Fig. 5). A small quan- 
tity of air always passed through the coils, how- 
ever, and the return bends of the cooling coils 
extended into the by-pass chamber, partially cool- 
ing the by-passed air. This sub-cooling effect 
lowered the indoor air temperature to as low as 
70 F in the off-peak and morning periods. 

In 1955 there was a 0.5 to 1.0 F fluctuation in 
room-air temperature at the 30-in. level with each 
cycle of operation; however, these cyclic changes in 
dry-bulb temperature were somewhat smaller in 
1956 and 1957. 

Table 7 gives the maximum and minimum 
temperatures at the 30-in. level in each room of the 
house for the same days as shown in Fig. 7. For all 
three test seasons the temperatures in the second 
story of the house were from 1 to 2 F higher than 
in the first story. The average daily variation in 
room temperature at the 30-in. level was about 2 
to 2.5 F in 1955 and 1956, while a maximum change 
of 4 F occurred in 1957 because of the previously 
mentioned sub-cooling during the off-period. 

The temperature variation in 1957, although 
greater than for any of the preceding years, was 
not noticeable from a comfort standpoint as long 
as the minimum temperature was not below about 
73 F. The temperature change was neither rapid 
nor was it accompanied by a change in relative 
humidity, and the temperature difference between 
adjacent rooms was not greater than 2 F. In con- 
trast to observations made in other studies,‘® no 
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Fig. 7. Outdoor and Indoor Temperature and Humidity vs. Time; Series B-55, C-56, and D-57 


adverse effects were noted which could be attributed 
to the fact that the fans were not in operation 
during the thermostat off-periods in 1956. 


13. Indoor Humidity 


The most interesting information in Fig. 7 per- 
tains to humidity ratio. With intermittent circu- 
lator operation, each cycle of the circulator can be 


plainly identified on the curves for the room-air 
temperature and humidity ratio in 1955. This was 
not the case with continuous circulator operation 
in 1956 or intermittent damper operation in 1957. 

Two effects are apparent from the indoor hu- 
midity ratio curves. First is that the indoor humid- 
ity ratio was about 0.0116 lb water/lb of dry air 
during 1955, while during 1956 and 1957 the 
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Fig. 8. Comparisons of Indoor-Outdoor Humidity Conditions; 
Series B-55, C-56, and D-57 


average humidity ratio was 0.0104 and 0.0094 Ib 
water/lb of dry air, respectively. In 1955 the aver- 
age relative humidity was above 60%, which was 
too high for comfort. Secondly, in 1955 there was a 
fluctuation of 5 to 8% relative humidity with each 
cycle of operation, but such fluctuation was not 
evident in 1956 or 1957. 

Further proof showing that indoor humidity was 
lower in 1956 and 1957 is given in Fig. 8. The in- 
door humidity ratio is plotted against the outdoor 
humidity ratio for all tests in the 1955 and 1956 
seasons and for Test D-57 in 1957. The average out- 
door temperature scale was taken directly from 
Fig. 6. It is evident from this plot that for a given 


outdoor condition, the indoor humidity was always” 


lower in 1957 than any of the two preceding years, 
and that the indoor humidity was lower in 1956 
than in 1955. 

In 1955, when the circulator operated intermit- 
tently and the fans operated continuously, the coils 
of the fan-coil units warmed up during the off- 
period. Condensate which had collected on these 
coils during the on-period re-evaporated and m- 
creased the moisture content of the air in the room 
during the off-period. The process was repeated for 
each cycle of operation. The data taken from the 
indoor relative humidity and temperature charts at 
the thermostat level indicated an average variation 
of indoor humidity ratio, due to this re-evaporation 
of condensate, of about 0.0014 lb water/Ib of dry 
air per cycle when the average outdoor temperature 
was in the range of 75 to 80 F. Since the volume of 
the house is approximately 10,000 cu ft, about 1.1 
lb of water removed from the air during the on- 
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Fig. 9. Comparison of Thermostat Cycles 


period apparently was returned to the air during 
the off-period of each cycle. Figure 9 shows that for 
an average outdoor temperature of about 80 F the 
unit cycled 18 to 20 times per day during the 1955 
tests. These calculations indicate that as much as 
21 lb of condensate removed from the air during the 
on-periods may have been re-evaporated during the 
off-periods. 

To further establish cyclic water evaporation, a 
special test was conducted to determine the weight 
of water which could cling to the coils of the fan- 
coil units. The fan-coil was removed from the en- 
closure and placed on a scale. The fan was turned 
on and the speed controlled to provide approxi- 
mately the same air delivery as when the fan-coil 
was actually in use during the summer. The room 
air was maintained at about 75 F and 60% humid- 
ity. Forty-five F water from the chiller was circu- 
lated through the coil until condensate began to 
flow from the drip pan. This indicated that the 
surface of the coil was “saturated” with condensate. 
Then the chiller and water circulating pump were 
turned off while the fan of the fan-coil unit con- 
tinued to run. The weight of the fan-coil unit was 
recorded at regular time intervals. The difference 
between these recorded weights and the weight at 
the time the chiller was turned off are plotted 
against the time of observation in Fig. 10. 
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At an average outdoor temperature of 80 F, the 
average off-period was about 45 min. Figure 10 
indicates that about 0.9 lb of water would be re- 
evaporated from each coil during each off-period, 
or about 32 lb per day from the two coils used 
during the testing season. This is still higher than 
that determined from humidity observations in the 
house. It should be pointed out, however, that a 
small error in determining the change in the indoor 
humidity conditions during a cycle would greatly 
effect the estimated re-evaporation. The lag in the 
response of the relative humidity recorder when 
subjected to a rapid change in relative humidity 
could easily produce an error of —3% humidity. 
This would reduce the estimated re-evaporation by 
about 40% from the true value. It is believed, 
therefore, that the results of the special test better 
indicate actual amounts of re-evaporation. 

Re-evaporation did not affect the latent and 
sensible heat gains of the house. However, as far as 
the load on the system was concerned, it did have 
the effect of transferring a part of the sensible load 
to latent load, or of increasing the ratio of latent to 
sensible cooling. With the air flow rate, water flow 
rate, inlet air dry-bulb temperature, and inlet water 
temperature all fixed, the only way the ratio of 
latent to sensible cooling capacity of a coil can be 
increased is by an increase in the wet-bulb temper- 
ature of the entering air. Therefore, the end effect 
of re-evaporation as compared to no re-evaporation 
must be an increase in indoor relative humidity if 
the indoor temperature is kept constant. 

Figure 11 shows the ratios of latent cooling load 
to sensible cooling load as measured during the 


tests. The latent load used in this ratio was that 
determined by the net weight of condensate re- 
moved from the air with no allowances made for 
re-evaporation. The curve representing the condi- 
tions of 1955 is below the curve for the 1956 and 
1957 tests over the whole range of observed data. 

Quantities of water removed from the air are 
given in Fig. 12. At an average outdoor temperature 
of 80 F, approximately 18 lb of water per day were 
removed from the room air in 1955, and the ratio of 
latent to sensible load was 0.14. The report showed 
earlier that with the intermittent. circulator oper- 
ation used in 1955, as much as 382 lb of water per 
day may have been re-evaporated. If this is correct, 
then the actual moisture removal on the day in 
question was 18 + 82, or 50 lb, and the correct ratio 
of latent to sensible load was 0.62. 

Figure 13 shows the relationship between ap- 
paratus dew point temperature, entering air condi- 
tions, and the ratio of latent to sensible cooling. 
For the day considered in the preceding paragraph, 
the indoor relative humidity was 62% at a temper- 
ature of 75 F. Plotting this point on Fig. 13 (point 
A) shows that an apparatus dew point temperature 
of 53 F would be required. 

In 1956, when re-evaporation was prevented, the 
amount of water removed from the air mounted to 
about 19 lb per day when the outdoor temperature 
was 80 F’, and the ratio of latent to sensible cooling 
was 0.28. The average indoor relative humidity was 
56% at a temperature of 75 F. Plotting this point 
on Fig. 138 (point B) indicates an apparatus dew 
point of about 54 F. In 1957 it was about 47 F 
(point C). Unless a way is found to decrease mois- 
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Fig. 11, Effect of Re-Evaporation on Ratio of Latent 
to Sensible Cooling Load 


ture gains in the house or reduce the apparatus dew 
point temperature, either by improved design or 
reduced water temperature, there is no way of re- 
ducing relative indoor humidity below 1957 results. 

These tests indicated that by preventing re- 
evaporation of water from the fan-coil units during 
thermostat off-periods, comfort conditions in the 
house were improved by lowering the average in- 
door relative humidity below 60% and by virtually 
eliminating cyclic fluctuations in the humidity of 
the room air. 


14. Comfort 


An effort was made to obtain the reactions of 
individuals occupying the house by asking them to 
record their impressions of indoor conditions main- 
tained. There was no set procedure established for 
this, but an effort was made to obtain initial reac- 
tions within a period of 15 min after entering the 
house and again after having been in the house for 
a longer period of time. These votes were obtained 
daily from individuals working in the house, and 
from visitors whenever possible. 


Circulator operation 


o—— S—— 8-55 Intermittent 
bom mm C- 5G CONTINUOUS 
Oa———— 1-57 fest D 


Condensate collected, /b per day 


Average outdoor temp, deg F 


Fig. 12. Comparison of Condensate Collected; 
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Conditions, and Ratio of Latent to Sensible Cooling 
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Table 8 
Comfort Votes 
Test No. D-57 E-57  F-57 G-57 H-57 C-56 
LESS THAN 15 MINUTES 
Temperature 
Warm 10 11 3 5 6 11 
Comfortable 63 83 77 80 72 87 
Cool 27 6 20 15 22 2 
Air Quality 
Satisfactory 67 Al 52 71 83 17 
Slight to Moderate Odor 26 55 25 17 9 77 
Strong Odor 7 4 23 12 8 6 
Humidity 
Comfortable 100 100 100 99 99 95 
Sticky 0 0 0 1 1 5 
MORE THAN 15 MINUTES 
Temperature 
Warm 6 16 8 13 10 8 
Comfortable 73 74 76 68 73 86 
Cool 21 10 16 19 17 6 
Air Quality 
Satisfactory 83 64 59 69 80 44 
Slight to Moderate Odor 11 16 22 24 14 41 
Strong Odor 6 20 19 7 6 15 
Humidity 
Comfortable 100 96 100 98 98 92 
Sticky 0 4 0 2 2 8 


The results are given in Table 8. Tests C-56, 
D-57, E-57, and F-57 were all made without the 
use of ventilation air. The remaining two tests, dis- 
cussed in Section 20, used ventilation air. 

In 1956 about 86% of the votes indicated the 
temperature was satisfactory and 92 to 95% of the 
votes indicated satisfactory humidity. In Tests 
D-57, E-57, and F-57 (no ventilation) about 75% 
of the votes indicated the occupants of the house 
were satisfied with the temperature after 15 min 


exposure. For exposures of less than 15 min, the 
votes ranged from 63 to 83% satisfied with the 
room temperature. Ninety-six to 100% of the votes 
indicated satisfactory humidity regardless of the 
exposure time. The lower percentage of satisfactory 
votes in 1957 resulted from lower than normal room 
temperatures due to the method of operation. 

Measurements of the actual infiltration rates 
have been made in the Research Home using the 
tracer gas technique.“ These tests show that while 
the infiltration rate in the winter was 0.6 to 0.8 air 
changes per hr, in summer it was as low as 0.02 and 
seldom above 0.25 changes per hr. Smoking was 
permitted in the house during summer tests, but the 
relatively low percentage of votes indicating satis- 
factory air quality make it evident that tobacco 
odors were not removed by normal infiltration of 
air from the outdoors nor by operation of the cool- 
ing system. It should be pointed out that there was 
no control of the amount of smoking in the house 
during the tests reported in Table 8. Variations in 
smoking rates could account for much of the varia- 
tion in votes indicating satisfactory air quality. The 
effects of smoking rates and of introducing air 
into the house from the outdoors through the cool- 
ing system on the quality of indoor air is discussed 
in Section 20. 


V. EFFECT OF WATER STORAGE TANK ON PERFORMANCE 


15. Water Temperature 


In an effort to stop short-cycling of the com- 
pressor during intermittent damper operation, a 
30-gal insulated storage tank was placed in the 
water circulating line on the return side of the 
chiller for Test E-57 and on the supply side in Test 
F-57. With either location of the storage tank there 
was no change in supply water temperatures as 
compared to the operation with no storage tank. 
Also, no variations in the rate of change in the 
temperatures of the water entering the fan-coil 
units were noted. 


16. System Operation 


Use of a storage tank reduced the number of 
chiller cycles from 186 cycles per day (Test D-57) 
to about 61 cycles per day, regardless of storage 
tank location. Operating time of the chiller was 
reduced about 14 hr per day when the storage tank 
was used on the return side of the chiller (Test 
E-57) as compared to the operating times when no 


storage tank was used and when the storage tank 
was used on the supply side (Test F-57). There was 
an indication that the reduction in operating time 
was due to a smaller house occupancy during the 
time Test E-57 was run rather than to storage tank 
location. 


17. Room Temperature and Humidity 


In Tests E-57 and F-57 the average room air 
temperature was essentially the same as in Test 
D-57. As shown in Section 18, hourly fluctuation of 
temperature and humidity were negligible when 
continuous fan and circulator operation was used. 
The inclusion of a storage tank in either the supply 
or the return side of the chiller made no change in 
this observation; also, the humidity ratios were un- 
affected. Figure 14 shows the indoor humidity ratios 
for Tests E-57 and F-57. The average indoor hu- 
midity ratio was about 0.0088 for both tests. This 
was about the same as that obtained for tests when 
no storage tank was used in the system. 


Vi. EFFECT OF VENTILATION AIR ON PERFOMANCE 


18. Temperature 


Figure 15 shows a 24-hr chart of room air tem- 
perature as affected by outdoor temperature condi- 
tions. The daily variation in indoor temperature 
was greater for tests in which ventilation air was 
being supplied than for tests in which no ventilation 
air was used (Fig. 14). 

Comparing Test H-57 (Fig. 15) with F-57 (Fig. 
14) it is seen that as far as outdoor temperature is 
concerned the two days were almost identical. 
Much of the reduction in room air temperature 
noted in Test H-57 during the early morning and 
late evening hours was due to the cooling effect of 
the ventilation air entering the house during these 
off-peak periods. However, this effect was noted to 
a lesser extent when no ventilation air was used in 
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Tests D-, E-, and F-57. (Figs. 18 and 14). When 
no ventilation air was used, this sub-cooling was 
caused by slight cooling of the by-passed air by the 
bends of the cooling coils which extended into the 
by-pass chamber, and air leakage through the cool- 
ing coils when no cooling was required. Other than 
the effect of this cooling during the off-peak periods, 
there were virtually no cyclic changes in room tem- 
perature when ventilation air was used. 


19. Humidity 


Also shown in Fig. 15 are the indoor humidity 
ratios with ventilation at the rates of 44 and 1% air 
changes per hour. The indoor humidity ratio was 
generally higher with 14 air change per hr. Though 
there were no fluctuations due to chiller cycling 
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Fig. 14. Outdoor and Indoor Temperature and Humidity vs. Time; Series E-57 and F-57 


noted, there were pronounced changes in the indoor 
humidity ratio caused by changes in outdoor hu- 
midity. Figures 15 an 16 show that an increase in 
the outdoor humidity ratio increased the indoor hu- 
midity ratio. It can be seen from Fig. 16 that at 
times the outdoor humidity ratio was high com- 
pared to indoor conditions. The use of ventilation 
air in the amount of 14 air change per hr appreci- 
ably increased the indoor humidity ratio; as the 


ventilation rate was increased above 14 air change 
per hr, the indoor humidity ratio increased at a 
much lower rate. 


20. Odors 


Preliminary tests with no ventilation indicated 
that smoking odors tended to remain in the room 
air and reach objectionable concentrations. To es- 
tablish the effectiveness of ventilation air in pre- 
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Fig. 15. Outdoor and Indoor Temperature and Humidity vs. Time; Series G-57 and H-57 


venting the concentration of these odors in the room 
air, a series of tests was made in which both the 
amount of ventilation air supplied to the house and 
the number of cigarettes smoked per day in the 
house were controlled. Ventilation rates of 0, 4, 
and 1% air changes per hr were used. Tests were 
made with each of these ventilation rates using dif- 
ferent rates of smoking, ranging from a low of 18 
cigarettes per day to a high of 53. All cigarettes 


were smoked between 8:00 a.m. and 5:00 p.m. with 
about 30% of the number being smoked in the 
morning hours and 70% in the afternoon. Occu- 
pants of the house indicated their impressions of 
the odor level in the house throughout the day, and 
these votes were analyzed on both an hourly and 
daily basis. 

Figure 17 shows the results of an hourly analysis 
of votes taken during three tests in which the smok- 
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Fig. 16. Effect of Ventilation on Indoor Humidity 


ing rate was approximately 50 cigarettes per day. 
Each test has a different ventilation rate. As would 
be expected, the light smoking which took place 
before noon did not build up an unsatisfactory odor 
concentration. When the smoking rate was in- 
creased during the afternoon, satisfactory votes 
correspondingly decreased because of the residual 
effects of the cigarettes consumed in the morning 
and the increase in afternoon cigarette consumption. 
Figure 17 shows there was no noticeable difference 
in the odor levels observed with ventilation rates of 
0 and 14 air changes per hr when odor concentra- 
tions were built up during the 50 cigarette days. A 
ventilation rate of 1% air change per hr did reduce 
the odor concentration. When smaller numbers of 
cigarettes were used per day (16 to 30) the per 
cent satisfactory vote was approximately the same 
for 44 and 14 air changes per hr, but the vote was 
lower during tests with no ventilation air. 

Table 9 shows the relationship between the per 
cent of votes indicating little or no odor detected in 
the house between the hours of 1:00 to 5:00 p.m. 
and the total number of cigarettes smoked per day. 
This relationship is shown for tests made with ven- 
tilation rates of 0, 14, and % air changes per hr. 
Ten to 12 tests were made with each ventilation 
rate. The relatively large confidence intervals, es- 
pecially at the 14 and 1% air change rates, indicate 
the votes were erratic. More observers and tests 
would be required to narrow these limits and give 
a more precise index of the house odor level. It is 


Table 9 


Effects of Ventilation and Smoking on Odor Concentration 


Number of Ventilation Rate, Air Changes per Hour 
Cigarettes y% 
Smoked per Day Percent Voting Little or No Odor 
10 64.4 + 6.2 9639) + 217.0 93.0 + 19.4 
20 568.8 + 4.3 85.4 + 14.1 84.7 + 14.2 
30 53.2 + 2.8 74.0+ 9.6 76.4+ 9.8 
40 47.6 + 2.7 62.5 + 9.9 68,0 4 7:8 
50 41.9 + 4.0 bi. + 15.4 59.8+ 9.8 
Figures in table are for confidence limits of 95% 
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Fig. 17. Effect of Ventilation on Odor Concentration 


apparent from Table 9 that the per cent voting 
“little or no odor” during tests with no ventilation 
was significantly lower at all smoking rates than 
the corresponding vote for tests with a ventilation 
rate of either 14 or % air change per hr. There was 
no significant difference in the voting for tests with 
ventilation rates of 44, and 1% air changes per hr. 
This indicates that a ventilation rate of 14 air 
change per hr was as effective in reducing the con- 
centration of tobacco odor in the house as was the 
higher ventilation rate. There was evidence that at 
smoking rates in excess of 40 cigarettes per day the 
ventilation rate of 14 air change per hr was losing 
its effectiveness, as odor concentrations approached 
those obtained with no ventilation. 

‘If it is assumed that the maximum odor level 
which can be tolerated in an air conditioned home 
is that at which 75% of the occupants would not 
notice odors, Table 9 indicates that the operation 
with no ventilation air was unsatisfactory even at 
the lowest smoking rate. Ventilation rates of either 
% or 4 air change per hr resulted in satisfactory 
performance for smoking up to approximately 30 
cigarettes per day. For smoking rates in excess of 
30 cigarettes per day, the ventilation rate would 
have to be in excess of 44 air change per hr, the 
maximum used in the tests reported here. Again, it 
should be pointed out that these tests were run in a 
house which had a normal summer infiltration rate 
of less than 14 air change per hr. In houses having 
higher infiltration rates, less ventilation might be 
required. 
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21. Installation Cost 


The installation cost and cost of the equipment 
used in the 1955 investigations have been described 
in detail in Technical Notes Series I=B=R-1 and 
are summarized in Table 10. An estimated cost of 
$1,400 for cooling equipment and installation labor 
was reported in that paper. This was approximately 
the same as the additional cost of a combination 
heating-cooling system over the cost of a base- 
board-hot water heating system. The same equip- 
ment was used without change in 1956 and 1957. 


22. Operating Costs 


The total cost of operating the equipment to 
maintain a constant indoor dry-bulb temperature 
of 75 F is shown in Tables 11 and 12. All operating 
costs are based on 2.5¢ per kw hr for electricity. 
The test data on which these tables were based are 
meager for the 1956 and 1957 test series and are 
shown only for a limited range of outdoor tempera- 
tures. It would not be safe to extrapolate beyond 
the range of these data. 

The figures in the column for an average out- 
door temperature of 65 F show that with continuous 
circulator operation (1956) the minimum operating 
cost was 19¢ per day. About half of this (9¢) was 
the cost of continuously operating the circulator 
pump, while the cost of compressor operation to- 
taled 8¢ and that of the condenser 2¢. With inter- 
mittent circulator operation (1955) the minimum 


Table 10 
Installation Costs 
One-Pipe Heating and Cooling» 
Baseboard Combination Fan-Coil Units and 
(Heating Room Units Baseboard System 
Only) 1954 1955 - 
Pipe and Fittings $104.96 $140.77 $148.19 
Pipe Covering 0.00 62.94 37.45 
Labor (piping)? 190.17 346 .33 320.37 
Boiler and Burner 255 .50 255.50 255.50 
Chiller (air cooled) 0.00 700.008 700.002 
Room Units 196.58 562.42 496 .58> 
Pump and Controls 63.82 127.64 127.64 
Electrical Outlets 
(material and labor) 0.00 45 .00¢ 20.00¢ 
Fan-Coil Enclosures 
(material and labor) 0.00 0.00 139.59 
Total $811.03 $2,240.60 $2,245 .32 


a Average of trade prices ranging from $650 to $760. 


b Average of trade prices for fan-coil units ranging from $102 to $191. 


© Does not include cost of 220 volt power supply to chiller. 
d Labor costs based on hourly rate of $3.00. 
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Table 11 


Operating Costs — Three Control Methods 
(Based on electricity at 244¢ per kwh) 


Average Outdoor Test 65 70 75 80 85 
Temperature,* F 

4 . B1955 $0.13 $0.13 $0.13 $0.13 $0.13 
Fan-Coil Units C 1956 0.00 0.00 0.01 0.03 0.06 
D 1957 0.13 0.13 0.13 Or13 0.13 
‘ B 1955 0.00 0.01 0.02 0.03 0.06 
Circulator C 1956 0.09 0.09 0.09 0.09 0.09 
D 1957 0.09 0.09 0.09 0.09 0.09 
B 1955 0.13 0.14 0.15 0.16 0.19 
Total, Fan-Coil C 1956 0.09 0.09 0.10 0.12 0.15 
and Circulator D 1957 0.22 0.22 0.22 0.22 0.22 
B 1955 0.00 0.02 0.05 0.07 0.11 
Condenser C 1956 0.02 0.02 0.03 0.05 0.07 
D 1957 0.06 0.07 0.07 0.07 0.08 
B 1955 0.00 0.13 0.29 0.47 0.68 
Compressor C 1956 0.08 0.11 0.18 0.33 0.56 
D 1957 0.38 0.39 0.44 0.51 0.63 
Total, Condenser B 1955 0.00 0.15 0.34 0.54 0.79 
and Compressor C 1956 0.10 0.13 0.21 0.38 0.63 
D 1957 0.44 0.46 0.51 0.58 0.71 
Total Operating B 1955 0.13 0.29 0.49 0.70 0.98 
Cost C 1956 0.19 0.22 0.31 0.50 0.78 

D 1957 0.66 0.68 0.73 0.80 0.93 


* Maximum outdoor temperature is about 10 F above average. 


cost on mild days was 13¢ per day, which was the 
cost of the power required for continuous operation 
of the fans in the fan-coil units. In 1957, when both 
the fans and the circulator operated continuously, 
the cost of operation when the average outdoor 
temperature was 65 F was 66¢ per day. At least 
part of this high cost of operation can be attributed 
to air leakage through the cooling coil during the 
off-periods and to heat exchange between the by- 
passed air and cooling coil return bends as discussed 
in Section 12. Improved design of the by-pass ar- 
rangement should reduce mild weather operating 
costs to approximately 30¢ per day. 

At design conditions (average outdoor tempera- 
ture = 85 F) there was an apparent net saving of 
about 20¢ per day when using continuous operation 
of the circulator (1956) as compared to intermit- 
tent circulator operation (1955). When both the 
fan and circulator were used continuously (1957) 
there was an increase of about 16¢ above that re- 
quired for the continuous circulator operation 
(1956). At an average outdoor temperature of 85 F, 
the cost of the intermittent pump operation (1955) 
was identical to the cost of intermittent fan opera- 
tion (1956). However, continuous operation of the 
fans in 1955 cost about 4¢ per day more than the 
continuous operation of the pump in 1956. 
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Table 12 


Effects of Water Storage Tank and Ventilation on Operating Costs 
Based on electricity at 244¢ per kwh 


Average Outdoor Test 65 70 ao 80 85 
Temperature, F 


D-57 $0.18 $0.18 $0.13 $0.13 $0.13 

H-57 0.13 0.13 0.13 0.13 0.13 

Fan-Coil Units F-57 0.13 0.13 0.13 0.13 0.13 
G-57 0.13 0.13 0.13 0.13 0.13 

H-57 0.13 0.13 0.13 0.13 0.13 

D-57 0.09 0.09 0.09 0.09 0.09 

E-57 0.09 0.09 0.09 0.09 0.09 

Circulator F-57 0.09 0.09 0.09 0.09 0.09 
G-57 0.09 0.09 0.09 0.09 0.09 

H-57 0.09 0.09 0.09 0.09 0.09 

D-57 0.22 0.22 0.22 0.22 0.22 

Total, Fan-Coil B-57 0.22 0.22 0.22 0.22 0.22 
and Circulator F-57 0.22 0.22 0.22 0.22 OF22 
G-57 0.22 0.22 0.22 0.22 0.22 

H-57 0.22 0.22 0.22 0.22 0.22 

D-57 0.06 0.07 0.07 0.07 0.08 

H-57 0.05 0.05 0.06 0.07 0.07 

Condenser F-57 0.05 0.05 0.06 0.07 0.07 
G-57 0.05 0.05 0.06 0.09 (BN les 

H-57 0.05 0.05 0.06 0.08 0.09 

D-57 0.38 0.39 0.44 0.51 0.64 

H-57 0.35 0.36 0.41 0.48 0.55 

Compressor F-57 0.34 0.36 0.41 0.48 0.55 
G-57 0.29 0.37 0.47 0.68 0.90 

H-57 0.33 0.36 0.43 0.53 0.73 

D-57 0.44 0.46 0.51 0.58° 0.72 

Total, Compressor E-57 0.40 0.41 0.47 OL58 0.62 
and Condenser F-57 0.39 0.41 0.47 0.55 0.62 
G-57 0.34 0.42 0.53 0.77 1.08 

H-57 0.38 0.41 0.49 0.61 0.82 

D-57 0.66 0.68 0.73 0.80 0.94 

K-57 0.62 0.63 0.69 0.77 0.84 

Total Cost F-57 0.61 0.63 0.69 0.77 0.84 
G-57 0.56 0.64 0.75 0.99 1.25 

H-57 0.60 0.63 Ovi 0.83 1.04 


Table 11 indicates that at an average outdoor 
temperature of 80 F or higher, the cost of operating 
the chiller and condenser in 1956 was about 16¢ per 
day lower than in 1955. This could only be true if 
there was an actual reduction in heat load of the 
house or an increase in efficiency of operation. There 
is no reason to believe that the difference in the 
method of operating the air conditioning system 
changed either of these sufficiently to explain the 
rather large reduction in operating cost. 

When the system was installed, prior to the 
summer of 1955, all reasonable precautions were 
taken to insure tight construction of the enclosures 


around the fan-coil units. Starting in the winter of 
1956 a series of tests were undertaken to determine 
the normal infiltration rate in the Research Home, “® 
and the first of these tests indicated that the infil- 
tration rate was higher when the fans in the fan- 
coil units were in operation than when the fans were 
off. As a result of this observation, the enclosure 
around the fan-coil unit located in the attic was 
lined with a plastic film with all joints well lapped 
and cemented, making the enclosure virtually air 
and vapor tight. Infiltration measurements were 
made after this test, while the fans were in opera- 
tion, which indicated that the plastic film reduced — 
the rate of infiltration by as much as 0.4 air changes 
per hr. This would reduce the load enough to result 
in the lower cost of operating the chiller in 1956. 

A saving of 4 to 10¢ per day was noted when 
the insulated storage tank was installed in the 
chilled water circuit. No difference in saving was 
noted when the storage tank was installed in either 
the supply or return side of the chiller. A part 
of the saving in the operating cost was due to re- 
ducing the number of chiller operating cycles. This 
lowered the power consumption resulting from the 
high starting loads of the compressor and condenser 
motors. 

The use of ventilation air (Tests G- and H-57) 
tended to lower the operating cost in the low out- 
door temperature range by cooling the house during 
the early morning periods. However, when the av- 
erage outdoor temperature was 70 F or above, the 
operating cost increased in proportion to the out- 
door temperature until, at 85 F, the cost was $1.25 
per day with 1% air change per hr as compared to 
84¢ per day for the same system and operating con- 
ditions with no ventilation air. 


Vill. SUMMARY AND CONCLUSIONS 


Cooling investigations made in the I=B=R Re- 
search Home using continuous circulator operation 
during the summer of 1956, intermittent circulator 
_ operation during the summer of 1955, and intermit- 
tent damper operation during 1957 indicate: 


1. At a maximum outdoor temperature of 100 F, 
the measured maximum sensible cooling load 
was about 17% less than the maximum sensi- 
ble load determined by conventional meth- 
ods of estimating cooling loads. 

2. Most of the differences between estimated 
and observed maximum cooling loads could 
be attributed to the method of estimating 
heat gains through the glass area. 

3. In estimating cooling loads, it is assumed that 
all radiant energy transmitted through glass 
is immediately available to heat the air in 
the room. Actually, it first heats objects in 
the room, and they in turn heat the room air 
by convection. This results in a time lag and 
a reduced rate of heat release to the air. 

4. In 1955 (intermittent circulator operation) 
there was a 14 to 1 F fluctuation in room air 
temperature at the 30-in. level with each 
cycle of operation. These cyclic changes in 
dry bulb temperatures were not as large in 
1956 (continuous circulator operation) and 
1957 (intermittent damper operation). 

5. Second-story rooms were 1 to 2 F warmer 
than first-story rooms in all the tests. 

6. In 1957 (intermittent damper operation) a 
small quantity of air always passed through 
the coils and the return bends of the cooling 
coils extended into the by-pass chamber pro- 
viding some cooling of the by-passed air 
even during the off-periods of the thermostat. 
These effects lowered the indoor air tempera- 
ture to as low as 70 F in the off-peak and 
morning periods. 

7. Maximum indoor daily temperature changes 
were of the order of magnitude of 2 and 
21% F during the summers of 1955 and 1956 
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and approximately 4 F in 1957. The 4 F tem- 
perature differential was not noticeable as 
long as the minimum temperature was not 
below 73 F because the change was not rapid 
or accompanied by a change in relative 
humidity. 


. In 1955 (intermittent circulator operation) 


the average indoor relative humidity was 
above 60%, which was too high for comfort. 
There was a 5 to 8% fluctuation in relative 
humidity with each cycle of operation. 


. As much as 32 lb of water per day were re- 


evaporated from the cooling coil surfaces in 
1955. No re-evaporation could take place 
when operating with the control systems used 
in 1956 and 1957. 

The average indoor relative humidity, cor- 
rected to a temperature of 75 F, was about 
57% in 1956 and 47% in 1957. 

By preventing re-evaporation of water from 
the fan-coil units during the off-periods, com- 
fort conditions in the house were improved 
by nearly eliminating cyclic fluctuations in 
the humidity of the room air and by main- 
taining an average relative humidity of less 
than 60%. 

In general, the method of operation used in 
1956 produced:a greater degree of comfort 
than did the method of operation used in 
1955. There was no noticeable difference in 
the comfort conditions in 1956 and 1957. 
The natural summer infiltration rate in the 
Home was less than 44 air change per hr. 
With 100% re-circulation of room air it was 
observed that stale tobacco smoke odors re- 
mained in the house. This was particularly 
noticeable during mild weather when there 
was little operation of the cooling system and 
natural infiltration was at a minimum. 

A ventilation rate of 44 air change per hr was 
sufficient to remove odors with smoking rates 
up to approximately 30 cigarettes per day. At 
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higher cigarette consumption the ventilation 
rate would have to be in excess of % air 
change per hr, the maximum used in the tests. 
At designed conditions and without the use 
of ventilation air, the observed daily operat- 
ing cost was from 78 to 98¢ depending upon 
the method of operation employed. 

In 1957 the cost of operation in mild weather 
was 66¢ per day as compared to 13¢ and 
19¢ per day in 1955 and 1956, respectively. 
At least part of this high operating cost was 
due to air leakage through the cooling coil 
during the off-periods and to heat exchange 
between the by-passed air and the cooling 
coil return bends. 

At average outdoor temperatures of 75 F and 
above, the operating cost appeared to be 
about 20¢ per day higher in 1955 than in 
1956. It is believed that most, if not all, of 
the difference in operating cost resulted from 
a difference in the air change rate caused by 
air leakage in the second-story fan-coil en- 
closure during the summer of 1955 rather 
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than from the differences in methods of op- 
erating the air conditioning equipment. 

At an average outdoor temperature of 85 F 
the operating costs appeared to be 16¢ higher 
in 1957 than in 1956. The difference in cost 
was due to the continuous operation of the 
fan in 1957 and the additional compressor 
operation resulting from the increase in mois- 
ture removed from the room air. 

A 30-gal insulated storage tank on either the 
supply or return side of the chiller did not 
affect comfort conditions but did reduce the | 
operating cost at average outdoor tempera- 
tures of 75 F and above by 4 to 10¢ per day. 
A part of this reduction in operating costs 
was due to the reduction in the number of 
chiller cycles which reduced the power con- 
sumption resulting from the starting loads of 
the compressor and condenser motors. 

The use of ventilation air tended to lower the 
operating cost in the low outdoor temperature 
range and to increase it when the outdoor 
temperature was high. 
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